Objective: This study was performed to determine whether add-on oral ivabradine in patients treated with beta blockers 1 hour before coronary computed tomographic angiography (CCTA) is effective in lowering the heart rate and thus improving CCTA quality. Methods: In this single-center cohort study, the data of 294 patients referred for ambulant CCTA were retrospectively screened. Patients with an initial heart rate of !75 bpm (n ¼ 112) were pretreated with either a combination of bisoprolol and ivabradine or with bisoprolol alone. Results: During the scan, there was no difference in heart rate between the two groups Likewise, there was no significant difference in additionally administered intravenous bradycardic agents, the number of motion artifacts, or the radiation dose. Both drug regimens were tolerated well. Conclusion: Additive oral ivabradine 1 hour before CCTA does not result in a further reduction of the heart rate. Consequently, neither movement artifacts nor radiation dose can be reduced. Therefore, pretreatment with ivabradine does not seem reasonably appropriate in an outpatient clinical setting with short patient contact.
Introduction
Coronary computed tomographic angiography (CCTA) has emerged in recent years as a promising noninvasive cardiac imaging test for the assessment of patients with suspected coronary artery disease (CAD). 1 Because it is the most sensitive of all noninvasive diagnostic imaging tests for detection of CAD in patients with stable angina, 2 and because of its high negative predictive value (close to 100%), 3 CCTA has become an important technique for both detecting and ruling out CAD. It is mainly used in outpatient settings with short-term, singlepatient contact.
CCTA prevents the need for invasive procedures if significant CAD is ruled out; 4 however, CCTA has not been adequately developed for complete replacement of invasive coronary angiography as a diagnostic examination method. With the implementation of 64-multislice computed tomography (CT), image resolution has improved; however, the coronary arteries of some high-risk patients still cannot be imaged precisely enough to attain a definite diagnosis. 5, 6 Because the main limiting factors are tachycardia and motion artifact, a stable and low heart rate is strongly recommended to achieve the best possible image quality. 3, 7, 8 A heart rate of 65 bpm is usually recommended before starting CCTA. If required, a short-acting beta blocker or other heart rate-reducing agents can be administered 9 since the target heart rate of 65 bpm cannot be achieved in all patients with beta blockers alone. Various studies have shown the successful use of ivabradine alone or in addition to beta blockers before CCTA; however, the required dose of either drug was higher than tested in large, pivotal trials or the time from drug administration to imaging was several hours to days and therefore unsuitable for an outpatient fast-track setting. [10] [11] [12] [13] [14] [15] A recent meta-analysis on CCTA pretreatment revealed a higher percentage of achieving heart rates of <65 bpm with ivabradine than with beta blockers. 16 Therefore, the use of ivabradine, an inhibitor of the I f channel of the sinus node, might be an alternative option for patients in sinus rhythm 17 before CCTA. The aim of the present study was to determine whether the combination of orally administered bisoprolol and ivabradine only 1 hour before the scan within a fast-track ambulatory setting resulted in superior CCTA quality due to a lower heart rate during the scan. Quality was assessed by the number of artifacts, the radiation dose, and the use of additional intravenous beta blocker.
Materials and methods
Heart-rate lowering treatment before CCTA has changed at our center from bisoprolol alone to a combination of bisoprolol and ivabradine. In this study, we compared patients treated before this protocol change to those treated with the new protocol. Because this was a retrospective analysis, an intention-to-treat approach was not used. We analyzed the data of patients who were referred to our center for CCTA and had heart rates of >75 bpm. Patients pretreated with only a single dose of bisoprolol were compared with patients pretreated with single doses of bisoprolol and ivabradine. These drugs were given to the patients in the waiting room by the medical staff of the center 1 hour before the scan. Patients excluded because of a heart rate of 75 bpm showed no significant differences in age, sex, hypertension, diabetes, nicotine abuse, dyslipidemia, known CAD, or family history of CAD compared with patients included in the study.
CCTA protocol
The medical history, heart rate, and blood pressure were taken for all patients in both groups 1 hour prior to CCTA. If their heart rate was !75 bpm, the patients immediately received premedication. Patients in the treatment group received 10 mg of bisoprolol and 7.5 mg of ivabradine orally. Patients in the control group received only 10 mg of bisoprolol orally.
CCTA was performed in all patients using a Somatom Sensation Cardiac 64 CT system (Siemens, Munich, Germany), and archived maximum intensity projection (MIP) files were assessed with Syngo Plaza software (Siemens Healthcare, Erlangen, Germany). The time windows used were the mid-to-end diastolic phase (60%-80% of the R-R interval).
The heart rate during CCTA was assessed and monitored. For the assessment of motion artifacts, streak artifacts were counted by a blinded person not involved in the routine analysis of the scan using an MIP reconstruction file.
The difference in the heart rate during scan acquisition between the groups (control vs. treatment) was assessed as the primary outcome. The differences in the radiation dose, motion artifacts, and heart rate changes were assessed as the secondary outcomes using linear mixed models. Use of an additional intravenous beta blocker to further reduce the heart rate was also tested. The normality assumption was visually checked by Q-Q plots. A nonparametric equivalent, executed by applying the SAS macro "npar," was also used in case the normality assumption was violated. 10, 18 The covariance type of the linear mixed model was selected based on a likelihood ratio test (homogenous vs. heterogeneous variance between the groups). Statistical analysis between the two groups was performed using Statistical Analysis Software version 9.2 (SAS Institute Inc., Cary, NC, USA).
This study was approved by the local ethics board, which waived the requirement for written informed consent because of the retrospective study design. The study is registered at clinicaltrials.gov with the number NCT02764970.
Results
Of 294 consecutive patients referred to our center for CCTA, 112 presented with heart rates >75 bpm and were therefore eligible for the study. In total, 47 (32%) patients were pretreated with only a single dose of bisoprolol and 65 (44%) were pretreated with single doses of bisoprolol and ivabradine. A flow chart of the study population is shown in Figure 1 , and the baseline characteristics of the patients are shown in Table 1 .
To confirm the assumption that an elevated heart rate during the CT scan results in impaired scan quality as measured by the increased number of artifacts and higher exposure to radiation, we correlated these parameters as shown in Figure 2 . There was a strong correlation between heart rate and the number of artifacts. The correlation was present using the initial baseline heart rate upon arrival at the center (p ¼ 0.006) (Figure 2(a) ) and became stronger when calculated using the heart rate measured during the CT scan (p < 0.0001) (Figure 2(b) ). Figure 2 (c) and (d) depict the correlation between the heart rate and radiation dose. There was a significant correlation between the scan heart rate and radiation dose (p ¼ 0.0018), but no correlation between the baseline heart rate and radiation dose (Figure 2(c) and (d) ).
To analyze differences between the control and treatment groups, 47 patients received 10 mg of oral bisoprolol for heart rate reduction and 65 patients received a combination of 10 mg of oral bisoprolol and 7.5 mg of oral ivabradine.
Statistical analysis of the heart rate reduction showed no significant difference between the treatment and control groups (treatment group: 84.1 AE 6.7 bpm before medication and 65.1 AE 9.8 bpm after medication, 19.0 bpm; control group: 80.7 AE 5.1 bpm before medication and 62.7 AE 9.1 bpm after medication, 18.0 bpm) (Figure 3(a) ), indicating a lack of an additive frequencyreducing effect of ivabradine. Moreover, subgroups differentiated by sex (male: 63.8 AE 10.3 bpm vs. female: 64.4 AE 8.7 bpm) or age ( 60 years: 63.5 AE 9.2 bpm vs. !60 years: 64.6 AE 9.9 bpm) revealed no significant differences (Figure 3(b) and (c) ).
Because some patients still had elevated heart rates immediately before the scan, they were further treated with 5 to 25 mg of metoprolol intravenously. Neither the number of patients (19 of 65 in the treatment group and 17 of 47 in the control group) nor the amount of additionally added intravenous beta blocker (13.9 AE 5.4 mg and 11.2 AE 5.5 mg, respectively) was significantly different between the two groups ( Figure 4(a) ).
Although these patients received an additional beta blocker, the number of artifacts (r ¼ 0.30, p < 0.01), radiation dose (r ¼ 0.17, p ¼ 0.08), and heart rate (r ¼ 0.36, p < 0.001) were positively correlated with the amount of additional intravenous metoprolol (Figure 4(b)-(d) ). In addition, despite the more intense treatment, the heart rate during the examination was higher in patients who received the additional beta blocker than in patients on oral medication only (69.2 AE 7.8 vs. 61.9 AE 9.2 bpm, p < 0.001) (Figure 4(e)) .
None of the patients in the study had any symptoms (such as dizziness, fainting, or a severe drop in blood pressure) that would have required any further medical treatment.
Discussion
This study underlines the clinical value of low heart rates during CCTA because the scan quality deteriorates and radiation increases with higher heart rates. In this (65) 32 (49) 0.47 (F) Diabetes 12 (11) 4 (9) 8 (12) 0.34 (F) Nicotine abuse 34 (30) 11 (23) 23 (35) 0.07 (F) Dyslipidemia 50 (38) 27 (57) 23 (35) 0.14 (F) Known CAD 7 (6) 1 (2) 6 (9) study, however, we have demonstrated that 7.5 mg of oral ivabradine as an add-on to baseline beta-blocker treatment 1 hour before CCTA is not sufficient to significantly reduce the heart rate. No subsequent changes in motion artifacts or the radiation dose were observed with this additional therapy. 
Heart rate
Because previous studies and a recent metaanalysis have shown the effectiveness of ivabradine as a heart rate-lowering therapy before CCTA, other confounding factors need to be considered, such as the time from oral administration to CCTA and the dosage used.
Previously, only high doses (20 mg) of ivabradine resulted in significant heart rate reduction if administered 2 hours before the scan. In contrast, single doses of 5 or 10 mg did not significantly reduce the heart rate. 11 Notably, the decline in heart rate with 20 mg of ivabradine was associated with a considerable decrease in systolic blood pressure, despite the fact that ivabradine is considered to be a specific I f channel inhibitor that does not affect blood pressure. Significant decreases in blood pressure, however, might imply the need for continuous blood pressure monitoring, which does not seem feasible in an ambulatory fast-track setting.
Slightly lower doses of 10 or 15 mg of ivabradine before CCTA have been shown to be sufficient to achieve a significant heart rate reduction.
14 However, compared with our study, higher single doses of ivabradine were administered (10 or 15 mg vs. 7.5 mg in our study), and a longer period from drug administration to the CCTA scan (2.5 vs. 1 hour) was used. The finding of a significant reduction of heart rate in patients who received oral ivabradine in doses proven to be safe in larger clinical trials (5 mg or 7.5 mg) twice daily 1 day prior to CCTA supports the importance of the time duration from drug administration to the scan. Moreover, ivabradine was able to significantly reduce the dose of intravenously administered beta blockers required to achieve the target heart rate of 65 bpm during the scan. 12 Lower oral and intravenous beta-blocker doses were also achieved in a recent dose-adjusting approach using ivabradine in a prospective and randomized open-label study. 15 
Motion artifacts
During the cardiac cycle of contraction and relaxation, CCTA scans are taken at the end of diastole when myocardial movement is minimal. Slow and stable heart rates enable scan acquisition without motion artifacts. Because the heart rate was not altered after ivabradine treatment compared with the control group, we did not observe differences in the number of motion artifacts between the groups. However, there was a correlation between the heart rate and the number of artifacts calculated for all patients and a positive correlation between artifacts and the use of an intravenous beta blocker immediately before the scan, emphasizing the role of heart rate reduction in patients undergoing CCTA. Breathing, gross body movement, or heart rate irregularity 8 can also lead to misalignment artifacts. However, the number of misalignment artifacts is not necessarily a measurement of the evaluability and or accuracy of CCTA if MIP reconstructions are used.
Radiation dose
Lower heart rates facilitate the use of flash sequences with a reduced radiation dose and are likely to reduce motion artifacts that can lead to non-analyzable scans that need to be repeated and thus result in additional radiation doses. Because no differences in heart rate were detectable in this study, we did not observe differences in the radiation dose between the two groups.
In addition to the scan protocol, patient characteristics such as height and weight as well as the field of view used for the scan play a role in the radiation dose. 19 In the present study, however, only a weak and non-significant correlation between the body mass index and radiation dose was found (correlation coefficient of 0.132).
The relatively large field of view, which included the central parts of the lungs, partially explains the higher radiation doses in the present study than in most other studies. With the algorithm used, incidental findings besides the coronary arteries were reported for 15% of the patients. A pulmonary nodule was reported in nine patients, supporting the statement from the National Lung Screening Trial Research Team America that patients with a high risk of pulmonary cancer benefit from CCTA because the scan can be used for screening. 20 
Safety
No adverse effects of ivabradine were documented during the evaluation period. This supports the thesis that a single dose of 7.5 mg of ivabradine is safe, 11, 14, 21 as previously reported in a comparable setting for ivabradine in combination with and without beta blockers. 14 In that study, none of the patients exhibited significant blood pressure changes and only one patient developed severe bradycardia.
In conclusion, the combination of ivabradine and bisoprolol before CCTA is safe but does not provide additional benefits over a beta blocker alone. It is not effective for a clinical fast-track ambulatory setting with a 1-hour period between the arrival of the patient and the CT scan. Therefore, it cannot be recommended as a clinical standard for heart rate control before CCTA in this setting.
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